In the U.S., an astonishing 12.5 million children and adolescents are now obese, predisposing 17% of our nation's youth to metabolic complications of obesity, such as type 2 diabetes (T2D). Adolescent obesity has tripled over the last three decades in the setting of food advertising directed at children. Obese adults exhibit increased brain responses to food images in motivation-reward pathways. These neural alterations may be attributed to obesity-related metabolic changes, which promote food craving and high-calorie food (HCF) consumption. It is not known whether these metabolic changes affect neural responses in the adolescent brain during a crucial period for establishing healthy eating behaviors.
ineffective, as demonstrated in the Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) trial (6) . Given the short window of opportunity for effective therapeutic intervention in this specific diabetes population, it is essential to gain a better understanding of the complex mechanisms that drive obesity and overeating if we are to diminish the appearance of T2DM in adolescence (7) .
Accumulating evidence supports the critical role of the neuroendocrine system in weight homeostasis and the development of obesity (7) (8) (9) . Neuroimaging studies examining obesity have begun to assess the functional integrity of brain reward and motivational pathways (10) and neural responses to visual food cues (9, 11, 12) such as those depicted in commonly encountered food advertising including fast food, sugar-sweetened cereals, soda, snacks, and candy (13) . Notably, studies have shown that viewing food-related advertisements on television increases food intake in children (14, 15) , and childhood overweight has been linked to advertising of energy-dense foods (16) . While a growing number of neuroimaging studies reveal exaggerated responses in brain motivation-reward and emotion regions in response to food images in obese adults and adolescents (11, 17) , as well as relatively less prefrontal cortex response (to food logos) in obese children (18) , the contribution of obesity-related metabolic and hormonal changes to these altered neural responses remains uncertain. Both preclinical and clinical research has shown that both leptin (19, 20) and insulin (21) (22) (23) act in the central nervous system (7, 19, 21) to alter brain pathways that influence food intake (7, 19, 21) . Both insulin and leptin receptors are expressed in homeostatic brain regions, such as the hypothalamus (24, 25) , as well as in motivation-reward regions linked to food-related behaviors, including the substantia nigra (SN) (26) (27) (28) and ventral tegmental area (VTA) (27, 28) , that relay signals via dopaminergic neurons to cortical, limbic, and striatal brain regions involved in motivational and behavioral responses to rewarding food stimuli (29) . In obesity, changes in these peripheral hormone levels or resistance to these hormones may have differential effects on the brain's response to visual food cues and eating behavior (7, 30, 31) . We previously reported that insulin resistance in obese adults is positively correlated with craving for desired favorite foods and that this relationship is statistically mediated by neural responses in the thalamus and the VTA (17). Moreover, leptin administration in patients with congenital leptin deficiency decreases activation in the caudate and nucleus accumbens (NAc), suggesting that leptin may be associated with striatal brain activation during reward processing and food motivation (20) . It is not known whether obesity-related changes in endogenous insulin and leptin levels or their actions in adolescent obesity are associated with responses to visual food cues in brain circuits involved in food motivation and reward. To address this question, we used functional MRI (fMRI) to examine neural responses to high-calorie food (HCF), low-calorie food (LCF), and nonfood (NF) visual cues in a cohort of obese and lean adolescents well characterized with regard to insulin sensitivity (32) , fasting insulin, and leptin levels. We hypothesized that obese compared with lean adolescents would display exaggerated responses in neural circuits that encompass sensory and somatic integration-interoception (cortical), emotion-memory (limbic), and motivationreward (striatal) processes during exposure to HCF and LCF relative to NF pictures. We further hypothesized that obesity-related alterations in endogenous leptin, insulin levels, and insulin sensitivity would be associated with brain responses to HCF images.
RESEARCH DESIGN AND METHODS

Subjects
Adolescents aged 12-17 years with a BMI .25th to ,75th percentile (lean group) or BMI .95th percentile (obese group) (based on Centers for Disease Control and Prevention BMI growth charts), but otherwise healthy, were recruited from the Yale Pediatric Obesity Clinic or by local advertisement. Mean Tanner stage of pubertal development was 4.6 in the lean group and 4.1 in the obese group (P = 0.28). Exclusion criteria included chronic medical conditions, including diabetes, psychiatric disorders, pregnancy, smoking, metal in the body incompatible with MRI, or taking any medication that might affect glucose and lipid metabolism. A maintenance diet of the same percent macronutrient composition was provided to each participant by the study dietitian (M.S.), and all participants were weight stable and were asked not to participate in any strenuous physical activity for 2 weeks prior to the study. At study enrollment, we asked the adolescents to summit a 3-day food record. Similar to other studies (33), we found no statistically significant difference in reported kilocalories consumed per day between lean and obese participants (P = 0.17). The study was approved by the Yale Human Investigation Committee. All subjects provided assent, and their parents signed informed consent.
Anthropometric Measures and Frequently Sampled Oral Glucose Tolerance Test
On a day separate from the fMRI session, a frequently-sampled oral glucose tolerance test (OGTT) (details below), fasting blood draw, and anthropometric measures were performed including weight, percent fat mass, and total fat mass (measured with a Tanita Body Fat Analyzer) and height (measured with a stadiometer). At 8:00 A.M. after an overnight fast, an intravenous catheter was placed for blood samples during a 3-h frequently sampled OGTT using Glucola (dose: 1.75 gm/kg glucose, maximum dose 75 g). Plasma glucose and insulin were measured at 215, 0, 10, 20, 30, 60, 90, 120, 150, and 180 min. Glucose was measured using glucose oxidase (YSI, Yellow Springs, OH), and plasma insulin was measured using a double-antibody radioimmunoassay (Millipore). In addition, a fasting blood sample for leptin was obtained and measured by radioimmunoassay (Millipore). For assessment of insulin resistance, whole-body insulin sensitivity index (WBISI) was calculated using the following formula: WBISI = 10,000/ ![(FPG 3 fasting plasma insulin) 3 (mean OGTT glucose concentration 3 mean OGTT insulin concentration)] (34). BMI was calculated as weight in kilograms divided by the square of height in meters. A urine pregnancy test was performed on all female subjects.
fMRI Session
Adolescents presented for the fMRI scanning day at 12:00 P.M. So that we could ensure that the adolescents were neither hungry nor full during the fMRI scanning session, 2 h prior to the fMRI they were served a standard mixed meal prepared by the Yale Center for Clinical Investigation Metabolic Kitchen consisting of a turkey sandwich, sliced apple, and milk (500 kcal). Each adolescent underwent prescanning training of the visual food (picture) task that included demonstration of the liking and wanting rating scales and completion of a block of 15 practice trials of the visual food task (described below). Two hours after completing the meal, each adolescent was acclimated in a testing room to the specific aspects of the fMRI study procedures, positioned in the MRI scanner, and underwent a 60-min fMRI session using a 3-Tesla Siemens Trio scanner (Siemens Medical Systems) with imaging parameters as previously described (35) .
The visual food (picture) task, previously validated for fMRI (35) , was used in an event-related design. Briefly, a series of 126 pictures (42 HCF, e.g., ice cream, pizza; 42 LCF, e.g., salads, fruits; and 42 NF pictures, e.g., book, bicycle) were presented in random trials across six runs during the fMRI session ( Fig. 1) . Each run consists of 21 trials (7 HCF, 7 LCF, 7 NF) and lasted 6.4 min. Each picture was presented only once for each adolescent, and stimuli were counterbalanced across participants. Each picture appeared for 6 s, and participants were instructed to view the picture and then asked to rate their liking and wanting of the item on a 9-point Likert scale using a four-key button box. At the end of each trial, a fixation cross appeared with a jittered intertrial interval (mean 6 s [range 3-9]) during which the participants relaxed until the start of the next trial.
fMRI Data Analyses
A standard whole-brain template (Montreal Neurological Institute, 1 mm) was used for participant spacial normalization of the individual data. The Montreal Neurological Institute whole-brain template has been used in previous studies of adolescents (36) (37) (38) . Participant integration and registration were carried out using the BioimageSuite software package (http://www.bioimagesuite .org/) for the images obtained for the HCF, LCF, and NF trials.
See Supplementary Data for details regarding fMRI data acquisition, preprocessing, and image registration.
Group Analyses
Composite average b-maps for both subject groups (obese and lean) were generated for each condition (HCF, LCF, NF, HCF-NF, and LCF-NF). Two-sample t tests (for unequal size groups) were used to compare each condition across groups. Data were whole-brain corrected for multiple comparisons by spatial extent of contiguous suprathresholded individual voxels at an experiment-wise P , 0.05. In a Monte Carlo simulation within the AFNI software package (39) (afni.nimh .nih.gov) and using a smoothing kernel of 6 mm and a connection radius of 6.296 mm on 3.44 mm 3 3.44 mm 3 4 mm voxels, it was determined that an activation volume of 130 original voxels (6,146 mL) satisfied the P , 0.05 threshold, and effect size for significant results was also calculated (Supplementary Table 1 ). Regions of interest (ROIs) were extracted from significant clusters observed in the whole-brain analyses that were family-wise error (FWE)-corrected P , 0.05 two-sample t tests in reference space. Larger regions containing more than one area of interest were separated into individual regions. These individual regions were warped back to individual subject space through the inverse of the transformations discussed in Supplementary Data. Mean regional generalized linear model b-weights were extracted for each subject within each region to illustrate results of the whole-brain group comparisons and correlation scatterplots.
Whole-Brain Correlation Analysis With Leptin and Insulin
Whole-brain correlation analyses were conducted within BioImageSuite that calculated the correlation value of each pixel with the individual's fasting leptin and insulin levels and WBISI. Correlation values were then converted to P values, and the AFNI AlphaSim FWE correction was applied for multiple comparison correction.
RESULTS
Group Demographics and Metabolic Parameters
Obese adolescents (n = 25) had an average BMI of 34.4 kg/m 2 , BMI z score .95th percentile, average age 15.7 years, and WBISI of 2.2, and lean adolescents (n = 15) had an average BMI of 21.0 kg/m 2 , average age 15.5 years, and WBISI of 3.87 (Table 1 ). The obese group exhibited reduced insulin sensitivity (WBISI, P , 0.002) and increased fasting leptin levels (P , 0.0001) compared with the lean group (Table 1 and Supplementary Fig. 1 ). There were also significant differences between the two groups for fasting insulin (P , 0.001), fasting plasma glucose (P , 0.0001), and homeostasis model assessment of insulin resistance (P , 0.0001). Based on the median of the distribution of the WBISI (WBISI 50th: 1.62) in our large cohort of adolescents previously reported (40), the obese adolescents were further categorized as insulin resistant (IR) or insulin sensitive (IS): 14 were obese-IR, and 11 were obese-IS. One lean adolescent was left-handed, and two obese adolescents were lefthanded.
Behavioral Response: Wanting and Liking
There were statistically significant differences in wanting and liking responses (P , 0.01) between visual stimulus conditions, with both groups wanting and liking HCF the most and NF the least. No significant differences were seen between the two adolescent groups in liking or wanting of each food type (Supplementary Fig. 2 ).
Brain Responses to HCF, LCF, and NF Visual Images in Obese and Lean Groups
Whole-brain responses of obese compared with lean subjects in the HCF versus NF brain images revealed markedly greater neural responses in the striatal (NAc, caudate, and putamen), limbic (amygdala, hypothalamus, and thalamus), and cortical (anterior/posterior insula and posterior parietal cortical region) regions at moderate-to-large effect sizes in the range of 0.49-0.59 ( Fig. 2) (P , 0.05, whole-brain corrected) (Supplementary Table 1 ). Brain responses of obese compared with lean in the LCF versus NF brain maps also showed greater activation in striatal (caudate, VTA/SN) and limbic (thalamus, hippocampus, hypothalamus) regions but in fewer regions of the striatallimbic network, with effect size ranging from 0.48 to 0.51 ( Supplementary Fig. 3 and Supplementary Table 1 ). We conducted secondary analyses covarying for sex, age, and race and found the results to be largely the same; the amygdala and insula were no longer statistically significant, but all other regions remained significant ( Supplementary Fig. 4 ). There was also no significant effect of Tanner stage of pubertal development on brain activation in regions responding to HCF versus NF.
Within each group, the whole-brain comparisons between conditions HCF versus NF showed that the obese adolescents demonstrated increased activation in visual and striatal-limbic regions (amygdala, caudate, thalamus, insula), whereas the lean group showed increased activation in visual regions and decreased activation in the putamen, insula, and parahippocampus ( Fig. 2 and Supplementary Table  1) . Within each group, the whole-brain comparisons between conditions for LCF versus NF showed that obese adolescents demonstrated increased activation in the caudate, insula, thalamus, VTA/SN, and amygdala, whereas the lean adolescents demonstrated decreased activation in the fusiform gyrus, posterior cingulate, and parahippocampus. In condition contrast brain maps of HCF versus LCF, both obese and lean adolescents demonstrated increased activation in the hippocampus, parahippocampus, and fusiform gyrus. Additionally, obese adolescents exhibited increased activation in the amygdala and lean adolescents had increased activation in the hypothalamus, but there was no statistically significant difference when we compared these responses in the obese versus lean contrast map (Supplementary Table 1 ).
Effects of Insulin Resistance
Subgroup analysis revealed that the obese-IR and obese-IS were not significantly different in whole-brain comparisons of HCF versus NF or LCF versus NF brain maps. To illustrate the similarities between obese-IR and obese-IS subgroups, we extracted the blood oxygen level-dependent (BOLD) signal (b-weights) from the significant ROIs shown in Fig. 2C (obese vs. lean HCF vs. NF brain maps) and found that both subgroups exhibited similar increases in activation in each of the ROIs (P = ns), whereas in lean adolescents the BOLD signal response was significantly reduced compared with the obese-IR and the obese-IS adolescents (Supplementary Fig. 5 ).
Whole-Brain Correlation With Leptin, Insulin, and Fat Mass
For examination of the relationship between neural response and metabolic factors, correlations between neural responses in the HCF versus NF and the LCF versus NF brain maps and fasting leptin and insulin levels were analyzed and WBISI was performed. Greater BOLD signal response to HCF relative to NF was significantly correlated with higher plasma leptin levels in the hypothalamus, putamen, caudate, thalamus, amygdala, hippocampus, parahippocampus, posterior cingulate, angular gyrus, and anterior and posterior insula (P , 0.05, FWE corrected) ( Fig. 3 and Supplementary Table 2) .
Because leptin levels may differ depending on pubertal stage of development, in secondary analyses we examined whether Tanner stage correlated with neural activation in the brain (ROI) regions that correlated with leptin as shown in Fig. 3 . Brain regions that correlated with leptin did not correlate with Tanner stage, except in the posterior cingulate; thus, the correlation with leptin and neural activation in the posterior cingulate was no long significant after controlling for Tanner stage. No correlation was found with neural response to LCF with leptin that met wholebrain correction.
To examine whether fat mass was playing a role in the correlations with leptin, we conducted secondary analyses examining whole-brain correlations of leptin/fat mass with neural activation with HCF versus NF in all subjects. The regions correlating with leptin/fat mass remained largely the same as those correlating with leptin alone and in addition also included the anterior cingulate cortex and right amygdala. We also conducted whole-brain correlation with the same condition contrast maps with percent fat mass and found that percent fat mass was not correlated with neural activation to HCF versus NF. Additionally, there were no significant correlations of fasting insulin or WBISI with neural responses to HCF versus NF and LCF versus NF brain maps that met whole-brain correction.
CONCLUSIONS
In this study, obese adolescents displayed exaggerated neural responses in rewardmotivation (striatal) and emotion (limbic) pathways upon exposure to HCF versus NF images as well as LC relative to NF images, suggesting that they are more responsive in brain emotion and rewardmotivation regions than lean adolescents to visual food stimuli, such as those commonly depicted in food advertising. Notably, this is the first study to show that neural responses were correlated with endogenous leptin levels in every region of increased activation identified in the HCF versus NF group contrast map, suggesting that increased leptin levels, possibly due to leptin resistance or altered leptin signaling, contribute to the exaggerated brain responses in motivation-reward pathways to HCF and, in turn, increase the risk of overconsumption of HCF in obese adolescents. These results are particularly concerning given that obese children/ adolescents with prediabetes can progress to develop diabetes rapidly, in just 21 months (5), and are then faced with limited and relatively ineffective treatment options for T2D (6) . Circulating leptin is generated in adipose tissue and delivered to the central nervous system, where it acts via leptin receptors to regulate feeding behavior (19). Leptin receptors are located in many hypothalamic nuclei (25) that when activated stimulate the Janus kinase-signal transducer and activator of transcription pathway, suppressing neuropeptide Y and agouti-related protein and regulating food intake (41) . However, in the context of increased adiposity and chronically high leptin, leptin receptors may be vulnerable to desensitization that may contribute to central leptin resistance. Thus, desensitizing of leptin receptors and/or central leptin resistance may reduce satiety signaling, thereby maintaining brain signaling of food motivation. Leptin receptors have also been identified in the SN (26) (27) (28) and VTA (27, 28) as well as the hippocampus, cortex, and midbrain (26) . However, leptin's role in these brain regions has not been definitively clarified. Acute exogenous leptin administration in patients with congenital leptin deficiency decreases activation in the NAc and caudate, suggesting that leptin plays a role in reducing brain reward and motivation signals in the ventral and dorsal striatum (20) . The current data correlating increased endogenous leptin with greater neural activation in striatal regions in adolescents are consistent with the view of aberrant satiety signaling in the context of high leptin. It is intriguing to speculate that leptin resistance, or altered leptin signaling, may reduce satiety signaling in these brain regions of obese children, thereby contributing to hyperactivation of reward-motivation regions to food, and increasing risk of rewarding/desired HCF food intake. Alternatively, as the groups were given a standard lunch meal, not adjusted for body weight, it is possible that the obese group was not satiated, and this may have contributed to exaggerated emotion and reward responses in the obese compared with the lean group. Other regions that correlated with leptin levels included the insula, implicated in gustatory signaling and interoception (42); the thalamus, important for relaying of peripheral sensory information to the cortex (43); the angular gyrus, important for giving meaning to multisensory information (44) and responsive to hunger/satiety and food cues (45, 46) ; and the hippocampus and parahippocampus, implicated in memory coding and context of a given stimuli (47) . Although leptin receptors have not been identified in these specific brain regions, leptin might affect these neural pathways by way of downstream signaling from other limbic-striatal regions.
Since insulin is ubiquitous in the brain and its receptors are present in many neural regions including the hypothalamus (24), striatum, hippocampus, amygdala, thalamus (48), ventral tegmental area (27) , and cerebral cortex (including the prefrontal cortex) (48), we examined the influence of fasting insulin levels and insulin resistance on neural responses. Unlike previous findings reported in adults (17), we found no association between peripheral insulin levels and brain motivation-reward responses to food images. Although previous studies in adults have also suggested that insulin resistance may be an important factor contributing to altered responses to food in motivation-reward pathways (17,49), in our cohort of adolescents neural responses in the obese-IR and obese-IS groups were indistinguishable ( Supplementary Fig. 5 ). This difference between adults and adolescents may be due to the younger age of our subject cohort, the relatively shorter duration of obesity (compared with adults), or disparate changes in insulin bloodbrain-barrier transport (50, 51) .
It is noteworthy that although there were striking differences in neural responses in reward-motivation (striatal) and emotion (limbic) pathways, there was no statistically significant difference in liking and wanting ratings between the obese and lean adolescents. Surprisingly, we also found no significant correlations between prefrontal brain response to HCF versus NF and liking and wanting ratings. Thus, the way the brain responds to images of food was different between the two groups, but subjectively the adolescents reported similar desire for food regardless of BMI. We speculate that the subjective rating may be influenced by expected social and cultural norms, which are under conscious control, whereas neural responses in reward-motivation and emotion-regulating regions are for the most part not under conscious control. Future research could benefit from assessing potential altered prefrontal cortex responses in adolescent obesity using alternative neuroimaging paradigms. Nonetheless, the current results suggest that obese compared with lean adolescents may be particularly vulnerable to increase food intake when confronting visual food stimuli, such as in foodrelated advertising, as shown in previous work (14, 15) .
The current findings may have significant implications for public health. In an environment inundated with advertising promoting consumption of HCF (13) , children may be more vulnerable to such cues, as their brains, particularly prefrontal cortices involved in inhibiting and regulating desires and emotions, are not fully developed (52) . Reversing such changes before they become chronic may be vital in preventing progression to T2D from obesity. Preclinical studies have shown that leptin resistance may occur rapidly but may also be reversed quickly (53) . Rats fed ad libitum chow, sucrose, and lard ate more and developed peripheral and central leptin resistance within 16 days (53), whereas when the sucrose and lard were removed, food intake markedly decreased and leptin resistance rapidly reversed resulting in fat loss (53) . Thus, altering diet for a relatively short period could conceivably be more beneficial in the early stages of childhood obesity. Perhaps promoting interventions to reverse leptin resistance may be helpful in reversing neuroendocrine dysregulation associated with adolescent obesity, thus helping to prevent progression to T2D.
Limitations of this clinical study include lack of assessment of the influence of socioeconomic status and the larger number of boys in the lean group and girls in the obese group. Although the sex differences were not statistically significant, sex effects on hormones, such as leptin and menstrual cycle phase, may have influenced our results. It is possible that the isocaloric meal provided to obese adolescents was inadequate, which may in turn have led to a greater effect on motivation brain regions. However, the hunger ratings did not differ between the two groups prior to or after the scanning session, suggesting adequate meal quantity for each group. Of note, we specifically chose to study participants in a partially satiated state; had they been fasting, neural responses would likely have been different. Furthermore, while we show neural changes and relate them to obesityrelated biology, it is important to note that this is a cross-sectional study and behavioral measures of food intake were not obtained during the scanning day. Future studies would benefit from linking neural changes to food cue -induced ad libitum eating and follow-up measures of food intake. Despite these caveats and limitations, we show striking differences observed between the obese and lean groups, with robust effect sizes observed in the whole-brain analyses.
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